INTRODUCTION
Ribosomal RNA (rRNA) contains many 29-O-methylated nucleotides that assist in rRNA folding and ribosome function (Decatur and Fournier 2002) . The 29-O-methylation of rRNA is catalyzed by box C/D small nucleolar ribonucleoprotein particles (snoRNPs) and sno-like RNPs (sRNPs) in eukaryotes and archaea, respectively (Dennis and Omer 2005; Reichow et al. 2007 ). In archaea, the box C/D sRNPs are composed of a box C/D sRNA and the proteins L7Ae, fibrillarin, and Nop5 (Dennis and Omer 2005) . Each box C/D sRNA contains two related sequence elements, the box C/D and box C9/D9 motifs (Fig. 1A) , which each bind a molecule of L7Ae. The binding of L7Ae to the sRNA is required for the recruitment of Nop5 and fibrillarin (Omer et al. 2002; Tran et al. 2003) . The guide region of the sRNA, adjacent to either box D or D9, selects the rRNA modification site by base-pairing with the target sequence (Fig. 1A) . Fibrillarin is the methyltransferase subunit (Dennis and Omer 2005) and interacts with the N-terminal domain of Nop5 ( Fig. 1B, NTD ; Aittaleb et al. 2003; Ye et al. 2009 ). The coiled-coil domain of Nop5 is required for self-dimerization, effectively linking the RNPs formed at the C/D and C9/D9 boxes and generating a pseudo-symmetrical complex that is essential for methylation activity (Aittaleb et al. 2003; Zhang et al. 2006 ). The C-terminal region of Nop5 contains the NOP domain, which interacts with both L7Ae and the box C/D sRNA (Ye et al. 2009 ).
The box C/D sRNPs belong to a diverse family of RNPs, found in both archaea and eukaryotes, which contain L7Ae-like proteins. In archaea both the box C/D and H/ACA sRNPs, which direct rRNA pseudouridylation, contain L7Ae (Kuhn et al. 2002; Omer et al. 2002; Rozhdestvensky et al. 2003) . In eukaryotes, the family includes box C/D snoRNPs; H/ACA snoRNPs, which are both highly similar to their archaeal counterparts; the spliceosomal U4 small nuclear (sn)RNP; and selenoprotein messenger RNPs (Henras et al. 1998; Watkins et al. 1998 Watkins et al. , 2000 Nottrott et al. 1999; Allmang et al. 2002) . 15.5K (Snu13 in yeast) is the L7Ae-like protein in both the U4 snRNP and the box C/D snoRNPs. The Nop5-like proteins, Nop56 and Nop58 in the snoRNPs and hPrp31 in the U4 snRNP, are specifically recruited to their respective complexes (Nottrott et al. 2002; Watkins et al. 2002; Schultz et al. 2006a,b; Liu et al. 2007) .
Two structures of archaeal box C/D sRNPs have recently been published that have given rise to two different models of box C/D sRNP organization (Fig. 1C) . One model, based on a structure generated by single-particle electron microscopy, proposes that the sRNP is a dimer, with four copies of each of the proteins and two sRNAs (Bleichert et al. 2009 ). A second model, based on a crystal structure of a half sRNA, comprised of a C/D motif and a single guide region, bound by L7Ae, Nop5, and fibrillarin, proposes that the sRNP is a monomer containing one sRNA and two copies of each protein (Ye et al. 2009 ). In this structure, a region of the conserved NOP domain, between a-helices 9 and 10 (Fig. 1B) , of Nop5 formed a protuberance that was suggested to be important for the specificity of complex formation and to assist in maintaining the single-stranded guide/spacer regions. The two proposed models disagree in whether the sRNP is a monomer or dimer and, furthermore, in the organization of the sRNA throughout the complex (Fig. 1C) . Either of the organization models for the RNA is, however, feasible within the context of a di-sRNP. We therefore set out to define whether sRNPs assembled in vitro using the components derived from other archaeal species form dimers and to use UV cross-linking to characterize RNA-protein contacts in the sRNP.
RESULTS AND DISCUSSION
In vitro assembled P. furiosus sRNPs are the expected size of a dimer
In order to analyze RNA-protein interactions in the box C/D sRNP, we first needed to establish a system with which to assemble these complexes in vitro. We therefore developed a two-step assembly process to reconstitute box C/D sRNPs using recombinant proteins and the sR12 box C/D RNA from Pyrococcus furiosus (see Materials and Methods). As a first step, L7Ae-sRNA complexes were assembled and purified. The binary complex was then incubated with recombinant Nop5 and fibrillarin, and the assembled complexes were separated on a Superdex 200 gel filtration column (Fig. 1D ). The peak fractions were then analyzed by SDS-PAGE, and the RNA and protein components were revealed using Toluidine Blue O and Coomassie, respectively (Fig. 1E ). The in vitro assembled P. furiosus sRNP contained all four components and eluted from the size exclusion column in a single peak that eluted slightly before the 400-kDa marker. Similar complexes were also observed with sR2 and sR10 sRNAs from P. furiosus. The in vitro assembled Methanocaldococcus jannaschii box C/D sRNP was shown to be a dimer with two sRNA molecules and four copies of each of the box C/D proteins (Bleichert et al. 2009 ). The expected size of a dimeric P. furiosus sRNP, containing two molecules of sRNA and four molecules of each protein, is 383 kDa. Our data are therefore consistent with the in vitro assembled P. furiosus sRNP also being a dimer.
The ALFR motif of Nop5 cross-links to the guide/spacer region of the box C/D sRNA
We were next interested in characterizing RNA-protein contacts in the assembled P. furiosus box C/D sRNP complexes. sRNPs, assembled as described above, were UVirradiated, denatured, and hydrolyzed using ribonucleases and the endoproteinase trypsin, and the cross-linked peptides were enriched using a TiO 2 column. Electrospray ionization (ESI)-mass spectrometric analysis of the enriched samples was then used to analyze the RNA-peptide conjugates, as described previously (Luo et al. 2008) . For these experiments, three different sRNPs assembled on the sR12, sR10, or sR2 box C/D sRNAs were used ( Fig. 2A) . RNApeptide conjugates derived from each assembled sRNP could be detected and their RNA and peptide moieties identified (Fig. 2B) . Figure 2B shows an example of the MS-based sequence analysis of a peptide-RNA oligonucleotide derived from in vitro assembled RNP with sR12 RNA. The intact precursor mass (intact mass of the cross-linked conjugate) and the obtained fragment ions (under collision-induced decay [CID] ) unambiguously revealed that this particular cross-linked peptide harbors the sequence ALFR, which is cross-linked to a UU dinucleotide. In each case, peptide sequences could be assigned to Nop5, and no peptides were observed from L7Ae or fibrillarin. We believe that UV-lightinduced cross-links between L7Ae and the sRNA were most likely not observed because of the double-stranded/highly structured nature of the box C/D motif, to which L7Ae binds. Furthermore, fibrillarin has been proposed to not directly contact the sRNA in the absence of substrate (Bleichert et al. 2009; Ye et al. 2009 ). Most of the peptides for sR12 sRNP and all of the peptides for the sR10 and sR2 sRNPs contain the ALFR sequence, or a derivative of this region (Fig. 2C) . The ALFR peptides, and two further peptides from the sR12 sRNP, were all derived from the protuberance that is comprised of the amino acids found in the loop between a-helices 9 and 10 in the NOP domain (Fig. 1B) . This region of the protein was predicted to play a role in keeping the guide/spacer regions of the sRNA single-stranded ( Fig. 2D ; Ye et al. 2009 ). Interestingly, a reasonable part of this region was disordered and not visible in the crystal structures published so far.
Using cross-linking in combination with mass spectrometry, we determined the composition of the nucleotides associated with the peptide (Fig. 2C) . It is, however, important to note that we cannot assign a 59-to-39 order to them based on the mass spectrometric data. In identifying the position of the nucleotides in each sRNA, we focused on regions that are single-stranded or not involved in Watson-Crick basepairing. In addition, we also used the published sRNP crystal structure to help localize the cross-linked region of the RNA. The peptides at the base of the protuberance/stalk (Fig. 2C , yellow and blue) cross-linked to sequences in and around stem II of the box C/D or C9/D9 motifs ( Fig. 2A,D) , supporting the previous observation that stem II is involved in the sequence-specific recruitment of Nop5 (Ye et al. 2009 ). The RNA coupled to the ALFR and ALFR-containing peptides correlated with the guide/spacer sequences. The variation in cross-link sites on different RNAs may be due to the different guide/spacer sequences in sRNA. This region of the sRNA is, however, single-stranded, with no discernable sequence conservation. It is therefore also possible that Nop5 makes slightly different contacts in each RNP. This may explain why this region of the protein is not resolved in the crystal structure. This is the first demonstration that Nop5 specifically contacts the sRNA outside of the C/D or C9/D9 motifs and supports the previous proposal that this protein plays a role in organizing the structure of the sRNA. This novel RNA-protein interaction may also assist in the assembly and function of the box C/D sRNPs.
The ALFR motif is conserved in archaeal Nop5 and eukaryotic Nop56 and Nop58 but not in hPrp31
If the ALFR motif is important for box C/D sRNP assembly, we would expect this motif to be highly conserved in both the archaeal and eukaryotic box C/D NOP-domain proteins. We therefore examined the evolutionary conservation of the ALFR motif. The NOP domain is the most conserved region of this family of proteins and is predicted to make sequence and/or structure-specific contacts in each complex (Liu et al. 2007; Ye et al. 2009 ). Sequences of the NOP-domain of archaeal Nop5 and eukaryotic Nop56, Nop58, and Prp31 were aligned based on the available crystal structures of Nop5 and hPrp31 ( Fig. 3 ; Aittaleb et al. 2003; Liu et al. 2007; Oruganti et al. 2007; Ye et al. 2009 ). This revealed that the ALFR region is highly conserved in the archaeal (Nop5) and eukaryotic (Nop56 and Nop58) box C/D proteins. The sequence of this region of the eukaryotic U4 snRNP protein Prp31 is also conserved, but the sequence is different from that seen in the sRNP/snoRNP proteins (Fig. 3) . This is consistent with the idea that the ALFR motif plays an important role in box C/D sRNP formation and/or structure. Furthermore, this also fits with the proposal that the respective regions play an important role in differentiating between binding of hPrp31 and Nop56/58 proteins to the U4 snRNA and to the box C/D snoRNAs in eukaryotes, respectively (Liu et al. 2007; Ye et al. 2009 ).
The ALFR-motif-sRNA interaction is essential for efficient box C/D sRNP formation
Having revealed that the Nop5 ALFR motif binds the box C/D sRNA and that this region of the protein is highly conserved, we were next interested in determining whether this interaction was important for sRNP formation in vitro.
To test this possibility, a mutant Nop5 was generated in which the ALFR loop was deleted (Nop5DL). In addition, we wanted to test whether the single-stranded RNA region contacted by the ALFR sequence was also important for RNP formation. We therefore examined protein-binding to a full-length sR12, an sR2 half-mer sRNA, and an sR2 halfmer sRNA in which most of the sequence downstream from box C had been deleted (half-merD) (Fig. 4A) . The half-mer sRNAs were comprised of a box C and D sequence joined by a tetraloop. Radiolabeled RNAs were generated corresponding to the wild-type and mutant sRNAs and incubated with the recombinant proteins. The complexes formed were then analyzed by electrophoretic gel mobility shift assay.
The three RNAs efficiently formed a stable complex with L7Ae. When Nop5 and fibrillarin were added to this binary complex, the full-length and half-mer RNAs both efficiently formed sRNP complexes. In contrast, the shorter half-mer RNA (half-merD), lacking the sequence downstream from box C, did not bind Nop5 and fibrillarin. This region of the sRNA therefore plays an important role in RNP formation. It is important to note that while this RNA contains both sR2 cross-link sites, we believe that the contact site extends beyond this and that more single-stranded sequence is important for the Nop5 interaction with this RNA. The mutant Nop5, lacking the ALFR motif, was unable to support sRNP formation with either of the half-mer RNAs. Furthermore, the mutant Nop5 showed, relative to the wild-type protein, reduced binding to the full-length sRNA-L7Ae complex and never achieved >50% complex formation. A double band was seen for the assembled RNP with the wild-type Nop5. In contrast, only a single RNP band was seen for the mutant Nop5, suggesting that the complexes formed with the mutant protein differ from the wild-type complex. This therefore implies that the interaction between the ALFR motif and the region of the sRNA downstream from box C/C9 is required for efficient box C/D sRNP formation. This region is not conserved between the different sRNAs, and it is likely that it is recognized as a singlestranded region adjacent to the C and C9 boxes.
CONCLUSIONS
We have shown a novel interaction between Nop5 and the guide/spacer region of the box C/D sRNA in Archaea that is Ye et al. [(2009)] was modified to include the sR12 sRNA. Alanines were also used to join the section of the protuberance missing from the crystal structure. A surface view is shown for the proteins with Nop5 (gray and light gray) and L7Ae (dark gray) with the cross-linked peptides colored as in panel C. For clarity, we have not included fibrillarin in the image. The RNA is shown in white, with the cross-linked nucleotides colored as in panels A and C.
important for sRNP formation. The region of Nop5 involved in this interaction is part of a protrusion found between helices 9 and 10 of the NOP domain (Fig. 1B) that was previously predicted to be important for the organization of the guide regions (Ye et al. 2009 ). Our data support a role for Nop5 in presenting the guide region for substrate binding and possibly directly in sRNA-rRNA base-pairing. Nop5 binding involves specific contacts to both stem II in the box C/D and box C9/D9 motifs and the single-stranded guide/spacer regions. This indicates that Nop5 plays an important role in sRNP formation and function. We have used the mono-sRNP model (Ye et al. 2009 ) to interpret the cross-link data, and it is very likely that the box C/D and C9/D9 motifs would be bound in the same way in a di-sRNP (Bleichert et al. 2009 ). The key difference would be in the positioning of the guide/spacer regions. The in vitro assembled P. furiosus sRNPs appear to be di-sRNPs, and in this complex both RNA organization models are feasible. Unfortunately, based on our cross-link data, we are unable to determine whether the mono-sRNP RNA organization model is correct, and we cannot comment on how this fits to the di-sRNP model until a higher-resolution model is available.
The ALFR motif is also conserved in the eukaryotic box C/D snoRNP proteins Nop56 and Nop58. Earlier work showed that a minimal single-stranded sequence was needed between boxes C and D for snoRNP formation/snoRNA accumulation in Xenopus (Watkins et al. 1996) . This implies that, like the archaeal complexes, a single-stranded region of the snoRNA is required for RNP formation and suggests that the ALFR-RNA interaction, between Nop56/Nop58 and the snoRNA, occurs in the eukaryotic complexes. The equivalent region of hPrp31 was shown to assist RNAbinding specificity and to discriminate between different 15.5K-containing complexes (Liu et al. 2007; Ye et al. 2009 ). It is therefore likely that the ALFR motif of eukaryotic Nop56 and Nop58 helps these proteins specifically bind snoRNP complexes.
MATERIALS AND METHODS

Cloning, mutagenesis, and protein production
Coding sequences of L7Ae, fibrillarin, and Nop5 were PCR-amplified from P. furiosus genomic DNA and cloned into pET-M11 (EMBL), pGEX-6p-1 vector (GE Healthcare), and pET28a (Novagen), respectively. To generate the Nop5 loop mutant, Nop5DL, the nucleotides encoding amino acids 293-300 (ALFR) were deleted using the Phusion site-directed mutagenesis system (Finnzymes).
Escherichia coli BL21 (DE3) cells expressing hexahistidinetagged L7Ae were lysed in 50 mM Tris (pH 7.5), 500 mM NaCl, and 2 mM b-mercaptoethanol using a microfluidizer (Microfluidics), and the protein was purified using Ni 2+ -NTA beads. To remove the nucleic acid contaminants, the beads were incubated in 50 mM Tris (pH 7.5), 2 M LiCl, and 2 mM b-mercaptoethanol. The protein was eluted using imidazole and dialyzed against 20 mM Tris (pH 7.5), 150 mM NaCl, and 2 mM DTT containing TEV protease to remove the hexahistidine tag. The cleaved tag and protease were subsequently removed using Ni 2+ -NTA beads. The flow-through was concentrated and then further purified using a Superdex-75 column (GE Healthcare) equilibrated with 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 2 mM DTT.
Nop5/Nop5DL and fibrillarin were coexpressed in E. coli Rosetta2 (DE3) cells. The cells were lysed in 50 mM Tris (pH 8.0), 1 M NaCl, 2 mM DTT, 5% glycerol complemented with 10 mg/mL DNaseI, 3 mM MgCl 2 , and 100 mg/mL lysozyme using a microfluidizer. Electrophoretic gel mobility shift analysis. sRNAs were assembled with L7Ae and then incubated with increasing amounts of Nop5-fibrillarin complex (25 nM, 50 nM, 100 nM, 250 nM, 500 nM, and 1 mM). The Nop5-fibrillarin complex contained either wild-type or mutant Nop5, in which the ALFR sequence had been deleted (Nop5DL), as indicated on the right. The assembled complexes were then separated on a native polyacrylamide gel and visualized using a PhosphorImager. The RNA used and the proteins added are indicated at the top. The positions of the free sRNA, the L7Ae-sRNA complex, and assembled sRNP are indicated on the right.
